INTRODUCTION
The phenomenon of endocytosis or membrane internalization occurs in a variety of cell types and may be related to phagocytosis or to mechanisms wherein macromolecules or particulates may enter the cell through its otherwise impenetrable plasma membrane (1, 2) . Human erythrocytes are not usually thought of in the context of phagocytosis or pinocytosis; however, in certain circumstances endocytosis can be seen in circulating human erythrocytes (3) (4) (5) . A variety of agents (6) can induce membrane internalization in vitro in inReceived for publication 10 May 1974 and in revised form 12 March 1975. tact human erythrocytes and the extent of endocytosis correlates directly with cellular youth and with the energy metabolism of the red cell, as represented particularly by its ATP content (7) . Endocytosis in human erythrocyte ghosts, as distinguished from intact erythrocytes, was studied by Penniston and Green as a model system for studying energization of plasma membranes by ATP (8) . Subsequent studies have indicated that the specific substrate for endocytosis in resealed human erythrocyte ghosts is Mg-ATP (7) , and that ADP can substitute partially but other nucleotide di-and triphosphates as well as cAMP function poorly in this regard (9) . In addition to a strict requirement for Mg, it was observed that low concentrations of Ca stimulated erythrocyte (9) ghost endocytosis, whereas higher concentrations of Ca inhibited endocytosis. This biphasic response to calcium occurred within a concentration range of 0.1-2.0 mM. Other forms of endocytosis in erythrocyte ghosts have been described, some of which appear to depend on the ionic strength of the medium and not on any sort of bioenergetic considerations (10) . This membrane endovesiculation without requirement of ATP may be related to or entirely distinct from energized endocytosis.
Because energized endocytosis in human erythrocyte ghosts as studied by at least two laboratories (8, 9) requires the specific interaction of Mg and ATP, we studied the interaction of Ca, Mg, and ATP in erythrocyte ghost endocytosis as a means of investigating a general phenomenon that appears to encompass an energy-linked sequence of events involving plasma membrane invagination followed by closure and resealing of the vacuole mouth, thereby leading to pinocytosis produced activation and inhibition of ghost endocytosis (9) . Attempts were made to study the time relationship between activation of the Ca, Mg-ATPase and Ca efflux from ghosts with the onset of morphologically identifiable ghost endocytosis. We also studied the effect of a known inhibitor of membrane-associated Ca,Mg-ATPase (16) on the phenomenon of ghost endocytosis.
METHODS
Materials. Materials were obtained from sources previously described (7) .
[32P]ATP labeled in the oy position ([-y3P]ATP) was made as previously described (17) . The specific activity achieved was approximately A.Ci/cAmol.
['Ca] CaCl2 was purchased from New England Nuclear (Boston, Mass.) and had a specific activity of 17.5 mCi/mg.
Practical grade ruthenium red was obtained from Sigma Chemical Co. (St. Louis, Mo.) and purified, assayed, and standardized according to the method of Luft (18) . Pros Resealed erythrocyte ghosts. Fresh heparinized blood from normal human donors was used. The erythrocytes were washed three times with a solution consisting of 154 mM NaCl, with 2 mg glucose/ml, buffered to pH 7.4 with 5 mM imidazole-glycylglycine. The procedure used in making resealed ghosts was basically that previously described (7, 9) ; however, no NaF was used in these experiments to avoid interference with energy-dependent processes. Since the events we were following occurred rapidly, equilibration and resealing periods for preparing resealed ghosts were necessarily shorter than those previously used The flow chart indicates the procedures followed in hemolyzing and resealing erythrocyte ghosts, incubating the ghosts, and then analyzing the ghost pellet and suspending medium.
interest was in ghost endocytosis, an ATP-requiring phenomenon in our experiments (9), ATP was always added to the hemolysis solution at a concentration of 2.5 mM. Usually Mg was added at a concentration of 2.5 mM, except where its concentration requirement was under study. Fig. 1 indicates the methods used for hemolyzing, resealing, incubating, and analyzing the preparation. It should be emphasized that in working with the three reactants Ca, Mg, and ATP, there is a special difficulty (12) , because when a given concentration of one of these three interacting materials is chosen to explore a specific phenomenon, the optimal concentration of the other two is altered in a complex manner. For example if the concentration of Ca were altered, there would be a family of curves describing the optimal concentrations for Mg and ATP for each new Ca concentration.
Since it appeared that endocytosis in resealed ghosts (9) was optimal when 1.0 mM Ca, 2.5 mM Mg, and 2.5 mM ATP were added to the hemolyzing solution, these concentrations served as the basis for concentration variations of Mg and Ca. In a prior study we had observed that optimal resealing of NAD5 and ADP within ghosts occurred when 0.5 mM Ca and 2.0 mM Mg were added during hemolysis reversal (19) Table I , where the ghosts were resealed as indicated in Fig. 1 , in the presence of 2.5 mM ATP and varying concentrations of Ca and Mg. The effectiveness of resealing was tested with three dissimilar materials: NaCl, Ca, and ATP. Increasing the concentration of Ca in the hemolyzing solution increased the effectiveness of resealing of Na,ATP and Ca within ghosts.
( Table I .) The very high effectiveness of '6Ca resealing suggested that perhaps some Ca had been bound to the ghost interior or its contents. The leak of ['P]ATP from resealed ghosts was less than 2% over a 10-min period at 370 C when optimal concentrations of Ca were used. The ability of Ca to improve the resealing of erythrocyte ghosts has been previously observed (21, 22) . After the resealing step, the suspension was centrifuged at 15,000 g at 40C for a total time of 3.5 min; the supernate was discarded. Then 15 vol of isotonic choline chloride, cooled to 4°C and buffered to pH 7.4 with 5 mM imidazoleglycylglycine buffer, was added, and the sample was mixed and centrifuged as before. The supernate was again discarded and the sedimented ghosts were brought to volume with buffered isotonic choline chloride for the incubation (Fig. 1) . The time elapsed from the end of the resealing step to the beginning of the incubation was 8 min at temperature of 40C. 1 ml of packed ghosts contained approximately 1010 ghosts.
No attempt was made to classify the ghosts according to their degree of "leakiness" (20) , but since almost all experiments were designed so that ['P] ATP was resealed within ghosts, the extent of ATP leak could be conveniently followed by measuring the appearance of [ (17) . ATPase activity was expressed as micromoles or nanomoles of 3'Pi generated or [oy'P]ATP consumed per minute per 10's ghosts at 370C. This form of expression of activity was used rather than the more usual expression of micromoles ATP per minute per milligram of membrane protein (17) . The latter expression is accurate with "white" ghosts, where the amount of membrane protein is generally constant at approximately 7 mg/ml of packed erythrocyte ghosts. However, in the current study red ghosts were used, and minor variations in conditions produced enough changes in hemoglobin content of membranes so that the number of ghosts was more useful as a denominator than membrane protein content. All experiments were performed with two samples of erythrocyte ghosts, one being resealed with Ca and ATP, and the other containing Mg in addition to identical concentrations of Ca and ATP. The difference in ATP degradation between the two samples was taken to represent Ca,Mg-ATPase activity. Since it was not possible for us to reseal erythrocyte ghosts in the presence of EDTA or EGTA because of the requirements for Ca and Mg in resealing the ghosts used in this study, it was not possible to rid the ghost suspension of either Mg or Ca (23) . Therefore ghosts resealed in the absence of added Mg have residual Mg and a small but measurable amount of both Ca,Mg-ATPase and MgATPase activity. Thus the use of the difference in ATP degradation occurring in ghosts prepared with and without Mg addition probably underestimates Ca,Mg-ATPase. For similar reasons, Ca efflux is also probably underestimated.
To minimize activation of the Na,K-ATPase, the ghosts were resealed with isotonic choline chloride and all subsequent incubations were carried out at 370 C in isotonic choline chloride buffered to pH 7.4 with 5 mM imidazole glycylglycine. The measured Na concentration of the resealing solution was 4.0 mM, while the K concentration was 2.85 mM. The ghost wash solution as well as the suspending medium during the incubation phase had a Na content of 1.0 mM or less, and a K content 0.2 mM or less. After resuspension in the incubating medium, the Na content within ghosts was 3.0 1umol/ml packed ghosts while the K content was 0.9 /Lmol/ml packed ghosts.
crucibles, using each crucible once and then discarding it (Corning Glass Works, Corning, N. Y.).
Analytic procedures. 4-ml samples containing approximately 0.3 ml of packed ghosts were incubated at 370C, after which the ghosts were separated from the supernatant
a. 6 We explored the possible relationship between ghost 0.14-_ \ it was difficult to prepare ghosts totally free of Mg. The involved. The procedure followed is basically that described ATP and appearance of "2Pi. As previously noted, previously (25) (Table II) and occurred over a range perchloric acid filtrates by the coupled enzyme reaction uti-of 0.5-2.5 mM Mg added to the hemolyzing solution lizing glucokinase and glucose-6-phosphate dehydrogenase mixture. As previously reported (12) , optimal activa- (19) . Ruthenium red was used to inhibit the Ca, Mg-ATPt ase (16) and Ca efflux (26) ; and since it has limited ca-tion occurred when Mg and ATP concentrations were pacity to penetrate plasma membranes (27) , it was added equal. Thus for a hemolyzing solution containing 1.0 during the hemolysis step at the concentrations indicated. mM Ca and 2.5 mM ATP, optimal ATPase activity Concentrations of ruthenium red above 120 AM interfered was observed at Mg levels of 2.5 mM.
with the ghost-sealing procedure.
The Ca concentration dependence of the ATPase (TaEvaluation of endocytosis. Morphologic evaluation of endocytosis was performed in each experiment by phase mi-ble III) was also determined by varying the Ca content of the hemolyzing solution from 0.1 to 5.0 mM. The actual Ca content of the resealed ghosts at the beginning of the incubation period is also shown in Table III . There was a biphasic response of ATPase activity to an increase in the Ca content in the hemolyzing solution. Ca concentrations from 0.25 mM to 1.0 mM produced activation, while concentrations of Ca in excess of 2.5 mM produced inhibition. A single experiment typical of three is shown. The concentrations of Mg and ATP used to study this biphasic effect of Ca were those previously shown to provide optimal ghost endocytosis (9), although given the complex interaction of these three reactants, other results could have been obtained if we had also varied the Mg and ATP concentrations.
The ATPase under study in the resealed ghosts required Mg (Table II) and manifested a 10-12-fold increase in activity with increasing concentrations of Ca up to 1.0 mM (Table III) . These are the characteristics of a Ca,Mg-ATPase known to be present at the inner surface of the erythrocyte plasma membrane (11, 12) . Therefore endocytosis and Ca,Mg-ATPase activity share a requirement for Mg (Table II) (9) and both phenomena are dependent on the concentration of Ca added to the resealing solution, with stimulation of each occurring at Ca concentrations up to 1.0 mM and inhibition of each occurring at Ca concentrations above 2.5 mM (9) (Table III) .
Calcium eflux fronm resealed ghosts. The requirements for optimum ghost endocytosis are also similar to the conditions described for Ca efflux from resealed ghosts (12) . In the experiment measuring Ca efflux in Fig. 3 , there was no Ca added to the external medium and the Ca resealed within erythrocyte ghosts was labeled with "5Ca so that the specific activity was approximately 106 cpm/Amol Ca. Calculation of Ca efflux could be obtained by measuring either the disappearance of 'Ca from the centrifuged ghost pellet or the appearance of 45Ca in the supernatant medium, and both measurements were routinely used to check on the accuracy of recovery of ghosts and supernatant medium (Fig. 3) . Addition of 2.5 mM Mg led to a threefold or greater increase in Ca efflux and this result therefore paralleled the increase in ATPase activity that also occurred upon Mg addition. These results are consistent with previous proposals linking Ca efflux in erythrocytes and their ghosts to a Ca,Mg-ATPase (12) (13) (14) 21) .
Flux measurements with radioisotopes have the advantage of simplicity and ease of analysis; however, they are subject to a variety of sources of error. Therefore, Ca efflux experiments were repeated with atomic absorption spectrophotometry to measure actual Ca content within ghosts at the end of the incubation period. Three experiments were performed wherein atomic absorption was used in parallel with measurements of 45Ca flux. In the single experiment shown in Fig. 4 (21) .
Morphologic appearance of endocytosis in relation to the activation of Ca,Mg-ATPase and to Ca efflux (Table IV, Fig. 6 ). Experiments were designed to measure Ca,Mg-ATPase and Ca efflux simultaneously while monitoring endocytosis by electron microscopy. Interpretation of the onset and extent of endocytosis was made independently on duplicate coded samples. In the absence of added Mg, endocytosis did not occur (7, 9) and addition of Ca and ATP without Mg produced constricted ghosts (28) (29) (30) (Fig. 6A) sealed ghosts (Table IV) with a Ca/P ratio in this experiment of 0.95 (Table IV) . However, despite the fact that the Ca,Mg-ATPase was activated and Ca was being extruded (Table IV) , there was little morphologic alteration for 7 min (Fig. 6B, C, and D) . Ca,MgATPase activity was relatively stable over the incubation period at 44-50 nmol 'Pi/min per 1010 ghosts. Ca efflux was stable for the first 7 min and paralleled Ca,MgATPase activity at approximately 46 nmol Ca/min per 1010 ghosts. During the last 8 min of incubation Ca efflux declined to a value of 28, perhaps as a consequence of a decreased intracellular Ca content available for efflux. As a consequence of decreasing content of intra-ghost Ca, the activity of the Ca,Mg-ATPase should have also decreased (Fig. 5 ). It may be that an amount of Ca sufficient to continue to stimulate the Ca,Mg-ATPase for an additional 8 min had been bound to rate-controlling sites of the enzyme at the inner wall of the erythrocyte membrane. However, samples taken for electron microscopy at 0, 3, and 7 min in this and two other experiments never revealed endocytosis, while there was evidence of Ca,Mg-ATPase activity and Ca efflux both occurring optimally during this initial 7-min of incubation. Endocytosis appeared after 15 min of incubation in Mg-containing ghosts (compare Fig. 6A and E) and then in almost every ghost (Fig. 6E, and  F) . By the time endocytosis occurred, the Ca-induced constriction had essentially disappeared. This lag between extensive extrusion of Ca and continuous Ca,MgATPase action on the one hand and endocytosis on the other was reproducible in two other experiments. In an additional experiment, samples were taken at 0, 3, 8, 10, 13, and 16 min and showed a gradual increase in endocytosis from 10 to 16 min, but no endocytosis before 7 min.
Inhibition of endocytosis (Fig. 7, Table V ). It was then important to determine if an inhibitor of the Ca transport system or of Ca,Mg-ATPase would also block endocytosis. Ruthenium red has been reported to be both an inhibitor of Ca transfer (26) and of Ca,MgATPase (16) . Accordingly, ruthenium red was resealed within erythrocyte ghosts and it was determined in four experiments that there was a log concentrationdependent inhibition of both Ca efflux and Ca,Mg-ATPase with 50% inhibition of each function occurring at a ruthenium red concentration in the hemolyzing solution of approximately 60-80 ttM.
Coded samples were prepared for electronmicroscopy and the interpretations were rendered independently by two observers. It can be seen (Fig. 7 , Table V) that inhibition of Ca,Mg-ATPase and Ca efflux by ruthenium red was accompanied by extensive inhibition of endocytosis. When 100 /iM ruthenium red was used, endocytosis was totally inhibited while there was still 15 1,390 58
The resealing solution consisted of 2.5 mM ATP, 1.0 mM Ca, and 2.5 mM Mg.
substantial residual activity of Ca,Mg-ATPase and its linked Ca efflux. The value for the residual Ca in the 35-tM ruthenium red sample (Table V) was lower than that for the parallel control sample because the resealing of Ca was somewhat lower in the 35-iAM ruthenium red sample at zero time in this experiment but the Ca efflux rate was nevertheless linear over the initial 7 min of incubation. Effect of prostaglandins (PG) E and E5 on erythrocyte ghost endocytosis, Ca efflux, and Ca,Mg-ATPase.
Prostaglandins E1 and E2 have been shown to affect the deformability characteristics of intact erythrocytes (31) . Since the deformability of the erythrocyte is under metabolic control, represented in part by erythrocyte ATP content and in part by its Ca content (32, 33) it was hypothesized that PGE1 and PGE2 might exert their membrane effects by perturbing either Ca efflux, endocytosis, or the membrane-associated Ca,Mg-ATPase. We attempted to determine if prior incubation of intact erythrocytes with prostaglandins E1 and E2 or if addition of prostaglandins E1 and E2 to the resealing solution altered the capacities for endocytosis, Ca efflux, and Ca,Mg-ATPase of the subsequently prepared resealed ghosts. At the concentrations of prostaglandins E1 and E2 first used (10-'°M), there was no consistent effect on endocytosis, Ca efflux, or activity of Ca,MgATPase. Altering prostaglandin concentration to 10' or 10' M produced no change. This situation held whether the prostaglandins were preincubated with intact erythrocytes or were added during the resealing of ghosts. Variation of Mg concentration from 0 to 2.5 mM and Ca concentration from 0 to 1.0 mM brought out no prostaglandin-mediated effect. DISCUSSION The interplay of the three reactants, Ca, Mg, and ATP, is important not only for ghost endocytosis but is critical in determining the deformability characteristics of erythrocyte ghosts (33) . These three materials are required for activation of a Ca,Mg-ATPase (11-13) and Endocytosis in Erythrocyte Ghosts for the linked unidirectional efflux of Ca from within resealed ghosts (12) (13) (14) . The evidence relating erythrocyte ghost Ca,Mg-ATPase and Ca efflux is by now quite compelling (21) . Because of the similarity in required reactants and because of the similar biphasic response of endocytosis, Ca,Mg-ATPase, and Ca efflux to increasing concentration of Ca (11), we explored the possibility that the Ca,Mg-ATPase and the efflux of Ca might have an important role in energized ghost endocytosis.
Endocytosis in Erythrocyte Ghosts
In the experiments reported now it appears that the same strict requirement for Mg exists for activation of Ca,Mg-ATPase, Ca efflux, and endocytosis (Table II, Fig. 3) . Furthermore, the biphasic response to increasing Ca content in the resealing mixture is essentially identical for optimal endocytosis (9), Ca,Mg-ATPase activity, and Ca efflux (Fig. 5) .
In pursuing the apparent parallelism between endocytosis, Ca,Mg-ATPase, and Ca efflux we studied the role of ruthenium red. Ruthenium red is reported to be an effective inhibitor of the Ca,Mg-ATPase of erythrocyte ghosts (16) , and we confirmed this observation (Table V) . The 50% inhibition value obtained in our study is 60-80 AM, substantially greater than the value of 10 AM previously reported (16) . However, in that study unsealed membranes were used, whereas we studied resealed ghosts (Methods), where it could be anticipated that problems of continued access of inhibitor molecules to critical sites would arise. Ruthenium red also inhibits mitochondrial Ca transport (26) and effectively blocked Ca efflux from resealed ghosts (Table  V) . There was almost parallel ruthenium red inhibition of Ca,Mg-ATPase and Ca efflux and it was not possible to determine from this sort of analysis which, if either, was the prior event. Of critical importance was the sensitivity of endocytosis to ruthenium red inhibition (Fig. 7) . In fact ruthenium red totally blocked endocytosis at concentrations that left 30-40% residual Ca,-Mg-ATPase activity linked to Ca efflux (Table V) . It is possible that ruthenium red combines with a membrane component which may be of major importance in energized endocytosis and which may also serve to link Ca,Mg-ATPase with a Ca transposing or translocating system. The studies of Luft (27) have shown that ruthenium red appears to bind to acid mucopolysaccharides and is generally excluded by plasma membranes. When incubated with intact erythrocytes, it can be shown to stain a thin layer of the plasma membrane with a pattern showing some extension into the membrane substance proper, as though there were a degree of porosity. Under certain circumstances ruthenium red may also bind to lipid, particularly acid phospholipids, so that membrane components susceptible to ruthenium red would include lipids as well as glycoproteins. Of interest is that ruthenium red seems to localize at sites where mechanical forces are proven or suspected, as along collagen fibers and particularly at the myotendinal junction. Thus the observation that ruthenium red appears to be a more potent inhibitor of endocytosis than Ca efflux or Ca,Mg-ATPase suggests that the inhibitor may attack a membrane component which is involved in the mechanical aspects of endocytosis and which may also link the ATP-hydrolyzing system with a Ca-translocating system. The biphasic response of the three phenomena under consideration to variations in Ca concentration is of interest, with the response changing from stimulation to inhibition over a concentration range of 0.1-2.0 mM (9) (Fig. 5) (14), whereas CTP and UTP were less than one third as effective as ATP in energizing ghost endocytosis (9) .
Study of the possible role of prostaglandin E1 and E2 was prompted by their reported ability to alter erythrocyte membrane deformability (31) when Ca is added to the suspending media (36) . Our studies revealed no effect of prostaglandin E1 and E2 on endocytosis, Ca efflux, or Ca,Mg-ATPase, in the concentration range that produces (36) (Table IV) (Fig. 6 ) and optimal Ca efflux occurred over an initial 7-min period (Table IV) , no endocytosis was seen until more than 7 min had elapsed. The lag between Ca efflux and CaMg-ATPase on one hand and endocytosis on the other suggests that a slower mechanicochemical event could have preceeded endocytosis. Alternatively, it could be proposed that the time lag served only to displace enough Ca from the ghost membrane so that Mg-ATP could produce endocytosis. From the data in Table IV it could be argued that when the ghost Ca content dropped below 0.281 Amol/ml, endocytosis could occur, and therefore, the optimal Ca concentrations for endocytosis are lower than those for Ca efflux. Ghost Ca contents of 0.28 ymol/ml or less can be achieved by hemolyzing ghosts in the presence of approximately 0.5 mM Ca (Table Ic and Table III) or less; however, such conditions result in decreasing endocytosis, paralleling the decrease in Ca concentration (9) . Furthermore, it can be seen in Table V that use of 35 /AM ruthenium red only modestly impaired Ca efflux and that after 15 min of incubation, the Ca content of the ghosts so treated was similar to that of the control; however, despite the low Ca content, endocytosis was distinctly impaired. Therefore the absolute level of Ca in ghosts appears to exert some control over the extent of endocytosis, which, however, seems to relate more directly to the extent of ATPase activity and Ca translocation.
Our morphologic studies (Fig. 6) confirm the previously described Ca-linked constriction of erythrocyte ghosts (28) (29) (30) . In the absence of added Mg, ghosts containing Ca and ATP remained in a sharply constricted form for at least 15 min of incubation at 370C (Fig. 6A) . However, upon addition of Mg. which activates the CaMg-ATPase and Ca efflux (Fig. 6E and If endocytosis is thought of as simplistically consisting of a membrane invagination followed by contraction of the mouth of the invagination and subsequent membrane resealing (1, 2), one could hypothesize that the initial membrane expansion and inward buckling involves a degree of membrane deformability associated wtih Mg and ATP (33) , that the contraction of the mouth of the invaginated membrane segment is perhaps mediated by a Ca-stimulated contractile protein (thus accounting in part for the Ca enhancement of endocytosis), and that the fusion of the endocytic vacuole is 
controlled by mechanisms related to Ca,Mg-ATPase and Ca translocation, as are other examples of plasma membrane fusion (37) .
